Abstract. Gastric cancer (GC) is a highly metastatic disease and one of the leading causes of cancer death in the world. Aberrant glycosylation is one of many molecular changes that accompany malignant transformation. This study was aimed at identification of glycan profiling changes in GC progression and its potential mechanisms. We employed a microarray with 91 lectins to compare the differential glycans in the three human GC cell lines, SGC-7901, BGC-823 and MGC-803. According to glycan-binding specificities of lectins, all GC cell lines expressed common sugar structures, such as mannose, galactose and fucose. Importantly, we found that the binding of Maackia amurensis lectin-I (MAL-I) to GC cells was proportional to their metastatic capacity. Further analysis revealed that the level of α2,3-linked sialic acids (α2-3Sia), which can be recognized by MAL-I, was significantly overexpressed in MGC-803 cells, while low expression was detected in SGC-7901 cells. In addition, the mRNA and protein expression levels of β-galactoside α2,3-sialyltransferase IV (ST3Gal-IV), which was related to the synthesis of α2-3Sia, were substantially increased in MGC-803 cells. Knockdown of ST3Gal-IV in MGC-803 cells led to a decreased level of α2-3Sia and decreased ability of invasion and migration. Exogenous expression of ST3Gal-IV in SGC-7901 cells enhanced cell migration, invasion and the content of α2-3Sia. Furthermore, the staining of MAL-I in GC tissues showed that high expression of α2-3Sia was closely correlated with lymph node metastasis, TNM stage and poor overall survival. These findings lead to better understanding of the function of α2-3Sia in the progression and metastasis of GC. This property may be important for developing new therapeutic approaches for GC.
Introduction
As one of the most common cancers, gastric cancer (GC) has the third highest lethality and fourth highest morbidity of all cancers worldwide (1) . According to the GloboCan statistics, GC was responsible for ~951,600 new cancer cases and more than 723,000 deaths in 2012 (2) . However, over half of these cases and deaths were estimated to occur in China. It is predicted that there will be ~498,000 cancer mortalities in 2015, ranking as the second most frequent cause of cancer death in China (3) . The high mortality is caused by tumor recurrence, metastasis and lack of effective therapeutic response. Therefore, increasing efforts have been devoted to investigating the mechanisms of GC progression, especially the mechanisms of GC metastasis (4) .
Cell surface glycans play important roles in intercellular and intracellular processes, including cell adhesion and development, cell recognition, and cancer development and metastasis (5) . Mounting evidence suggests that glycans can affect tumor cell invasiveness, including the ability to disseminate through the circulation and metastasise into distant organs (6) . The roles of glycans in cancer have been highlighted by the fact that alterations in glycosylation could promote invasive behaviour of tumor cells that ultimately lead to the progression of cancer (7) . For example, metastatic progression of prostate cancer was mediated by aberrant O-glycosylation of cancer cell surface receptors (8) . N-glycans with bisecting GlcNAc shed light on the detection of ovarian cancer in early peritoneal metastasis stage (9) . We therefore wished to discover novel glycans associated with the metastasis of GC.
Researchers have attempted to identify abnormal glycans involved in the malignancy of GC. For example, a global decrease in core-fucosylation of N-linked glycans was found to be correlated with the malignancy of GC patients (10, 11) . However, the fluctuation and variation of glycans in GC are still largely unknown. High level of α2,3-linked sialic acids (α2-3Sia) was associated with metastatic potential of GC cells (12) . Nevertheless, the role of α2-3Sia and its potential mechanisms in GC has not been as clearly defined. Recently, we utilized a microarray with 91 lectins to compare the differential glycans between the two GC cell lines with different metastatic ability. Importantly, we discovered significant connections between altered α2-3Sia and the tumorigenesis, progression and metastasis of GC. Our results provide evidence that α2-3Sia could be an important molecular marker to determine malignant properties and a target for molecular therapy in patients with GC.
Materials and methods
Cell culture. Human GC cell lines, SGC-7901, BGC-823 and MGC-803 were purchased from the cell library of the Chinese Academy of Sciences (Shanghai, China). Both were cultured in RPMI-1640 medium with 10% FBS (Gibco-BRL, Grand Island, NY, USA) at 37˚C and 5% CO 2 .
All procedures performed in this study involving human participants were in accordance with the ethical standards of Hubei University of Medicine and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
Lectin microarray screening for cell surface glycans. The lectin microarray with 91 lectins was obtained from BC Biotechnology (Guangdong, China). The cells were harvested by trypsin digestion and fluorescently labeled with CFDA-SE (Life Technologies, Carlsbad, CA, USA). Then cells were resuspended in incubation solution (PBS with 1% BSA, 0.5 mM CaCl 2 and 0.1 mM MnCl 2 ). After blocked with 1% BSA, the lectin microarray was incubated with cells for 1 h at dark. Unbound cells were removed by washing buffer (PBS with 0.5% Tween). The signals were detected by a GenePix 4200A scanner and the fluorescence intensity of each spot was measured with GenePix Pro 6.0 software (Molecular Devices, Sunnyvale, CA, USA). The signal intensities are the averages of duplicate samples from three separate experiments.
Plasmid construction and transfection. Human β-galactoside α2,3-sialyltransferase IV (ST3Gal-IV) genetic fragment was amplified and introduced into the pEGFP-C1 eukaryotic expression vector (Clontech, Heidelberg, Germany). Primers 5' and 3' for PCR were 5'-CGGATCCatggtcagcaagtcccgctgg-3' and 5'-TCGCTCGAGtgttgtaggcgtctgggt-3'. The plasmid was synthesized by GenePharma (Shanghai, China). After being confirmed by XhoI and BamHI digestion analyses and DNA sequencing, the recombinant pEGFP-C1-ST3Gal-IV plasmid was transfected into cells. Transfection was carried out using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA), according to the manufac turer's instructions. As a control, cells were transduced with a construct lacking ST3Gal-IV. Transfection efficiency was detected by fluorescence microscopy (Zeiss, Gottingen, Germany).
siRNA transfection. Human ST3Gal-IV and negative siRNA (control) were synthesized by GenePharma. The siRNA sequences targeting ST3Gal-IV were as follows: sence, 5'-GAC CCAGAAAUAAUCCUCAdTdT-3' and antisence, 5'-UGA GGAUUAUUUCUGGGUCdTdT-3'. The negative siRNA sequences were as follows: sense, 5'-uucuccGaacGuGucac GudTdT-3' and antisense, 5'-acGuGacacGuucGGaGaadTdT-3' . Cells were transfected with ST3Gal-IV siRNA or negative siRNA using Lipofectamine 3000 as suggested by the manufacturer.
RT-PCR and western blot analysis.
Methods of RNA extraction and real-time RT-PCR analysis were conducted as previously described (13) . Primer pairs for PCR are listed in Table I . Each sample was detected three times and expression of target genes was analyzed using the comparative threshold cycle (Ct) method using GADPH as the reference gene. The total protein was gathered and the ST3Gal-IV and GAPDH antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) were used in the western blotting. The band intensity was developed using the ECL detection systems (Thermo Fisher Scientific, Waltham, MA, USA).
Wound healing assay for cell migration. Cells were seeded in a 6-well plate at a density of 5x10 5 cells/well and grown to confluence overnight. After transfected with ST3Gal-IV siRNA or pEGFP-C1-ST3Gal-IV plasmid for 24 h, cells were incubated with serum-free medium. A micro-pipette tip was used to scratch a line in the cell monolayer. Following incubation for 24 h, cell migration was observed and photographs were taken under a light microscope (Olympus BX41; Olympus Corporation, Tokyo, Japan).
Transwell assay for cell invasion. Cell invasion assay was performed using Transwell chamber (8.0 µm pore size; Costar, Cambridge, MA, USA). Cells were transfected with ST3Gal-IV siRNA or pEGFP-C1-ST3Gal-IV plasmid for 24 h. Then cells were resuspended and added to the upper chamber of Matrigelcoated inserts. The lower chamber was filled with medium containing 10% FBS. After 24 h incubation, cells on the upper surface were removed by gently scrubbing with a cotton swab. Cells that had migrated below the membrane were stained with eosin staining solution (Beyotime, Jiangsu, China).
Lectin blot. SDS-PAGE and electrophoretic transferring were performed in the same manner as described for western blot analysis. After blocking with carbo-free blocking solution the membrane was incubated with 1:1,000 dilution of biotin-labeled Maackia amurensis lectin I (MAL-I) (both from Vector Laboratories, Burlingame, CA, USA) for 2 h at room temperature. The blots were developed using ECL detection system. Table III . Paraffinembedded tissue sections were first deparaffinized, followed by blocking with 30% normal donkey serum. Biotinylated lectin was then added onto the slide (50 µg/ml) and incubated for 1 h, followed by incubation with horseradish peroxidase (HRP)-conjugated streptavidin (Sigma, St. Louis, MO, USA). The following experimental procedure was according to the manufacturer's instructions of the DAB staining kit (Maixin Bio, Fuzhou, China). MAL-I staining intensities were analyzed by two observers independently using the semiquantitative immunoreactivity scoring (IRS) system as previously described (14) . The IRS value >4 was defined as high expression and IRS value ≤4 as low expression.
Statistical analysis. All data are expressed as mean ± SD. Statistical analysis was carried out using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). Student's t-test was performed for comparisons between two groups. Correlations between MAL-I staining and clinicopathological parameters were evaluated by Chi-square test or Fisher's exact tests. Kaplan-Meier method was applied to compare overall survival (OS) for groups of low and high expression. A value of P<0.05 was considered significant.
Results

Comparison of the metastatic ability of GC cells.
Wound healing and Transwell assays were performed to compare the metastatic abilities of cultured GC cells. As shown in Fig. 1A , the number of MGC-803 cells that migrated into the lower chamber was much higher than the number of SGC-7901 cells. The distance between wound edges of MGC-803 cells was markedly shorter than that of SGC-7901 cells (Fig. 1B) . MGC-803 cells had the highest invasive and migratory capabilities, SGC-7901 cells had the lowest, while BGC-823 cells had moderate capability.
Metastasis-specific lectin binding identified on GC cells.
To identify the cell surface glycan profiles, freshly harvested cells were incubated on a lectin microarray containing 91 lectins, in which each lectin was present in triplicate. The lectin microarray format used in this study is shown in Fig. 2A . For live cell labeling, CFDA-SE reagents were used, which were converted to fluorescent derivatives once inside the cells. Using this analysis, a cell binding map was generated (Fig. 2B ). For those lectins that showed no binding activity to the tested cells, it is possible that they either have relatively low affinity or are of low quality. We found that all cell lines expressed common sugar structures, such as mannose, galactose, and fucose, which are generally found on all mammalian cell surfaces. For example, the binding of all cell lines to the lectins HHL, specific for mannose, and PNA, specific for terminal galactose was observed. To better compare the overall glycan profiles, a heat map was generated and clustered according to the lectin-binding pattern and intensity (Fig. 2C) . Despite the similarities, there were still significant differences in lectin binding patterns among cultured GC cells. Overall, 8 lectins showed a strong binding capacity in MGC-803 cells, while 2 lectins strongly bound to SGC-7901 cells (Table II) . It suggests that the cell lines with different metastatic potential still possess variations in their cell surface glycan signatures and can be captured by the lectin microarray. In addition, three metastasis-specific lectins LEL (Lycopersicon esculentum), Jacalin (Artocarpus integrifolia), and MAL-I showed the largest differences in fluorescent intensities. Each of these lectins effectively captured MGC-803 cells but weakly captured SGC-7901 cells. The most significant difference was seen for MAL-I. MAL-I is highly specific for α2-3Sia (15) . It means that MGC-803 cells predominantly express α2-3Sia. Collectively, the above findings indicate that the overexpression of α2-3Sia may play an important role in GC metastasis. whereas the mRNA levels of other sialyltransferases were not increased (Fig. 3A) . Furthermore, the protein expression of ST3Gal-IV was also considerably enhanced in MGC-803 cells (Fig. 3B) . These results suggest that the overexpression of α2-3Sia may result from the upregulation of ST3Gal-IV in GC cells.
ST3Gal-IV mediates the migration and invasion of GC cells by regulation the formation of α2-3Sia.
To determine whether ST3Gal-IV promotes the migration and invasion potential of GC cells, we carried out the experiments in two parts: i) SGC-7901 cells were transfected with ST3Gal-IV overexpressing or control plasmid, and ii) MGC-803 cells were transfected with ST3Gal-IV or negative siRNA. Transfection efficiency was assessed using fluorescence microscopy (Fig. 4A) . We observed that the mRNA and protein levels of ST3Gal-IV were markedly increased in SGC-7901 cells transiently transfected with ST3Gal-IV overexpressing plasmids. Inversely, real-time RT-PCR and western blot assays demonstrated that ST3Gal-IV expression was markedly decreased in MGC-803 cells after targeted siRNA treatment ( Fig. 4B and C) . Then the invasion and migration abilities of the cells were analyzed. As expected, the results showed that ectopic expression of ST3Gal-IV significantly enhanced the migration and invasion of SGC-7901 cells (P<0.05), whereas knockdown of ST3Gal-IVs markedly suppressed the migration and invasion of MGC-803 cells (P<0.05) (Fig. 5) .
To confirm whether the expression of ST3Gal-IV was directly involved in the formation of α2-3Sia, lectin blot and flow cytometry assays were performed. We observed that the content of α2-3Sia was increased by overexpression of ST3Gal-IV in SGC-7901 cells (Fig. 6) . The opposite results were obtained after ST3Gal-IV was knocked down in MGC-803 cells. The expression levels of ST3Gal-IV were positively associated with α2-3Sia expression. Thus, we concluded that ST3Gal-IV significantly promoted the invasion and metastasis of GC cells via regulating the glycosylation profile in terms of α2-3Sia chains.
Overexpression of α2-3Sia is associated with adverse clinical characteristics and poor GC patient survival.
We investigated the expression of α2-3Sia in 80 paraffin-embedded GC tissues using lectin histochemistry. As shown in Fig. 7A , α2-3Sia was mainly located in the membrane and cytoplasm of tumor cells. Thirty-six patients possessed low α2-3Sia expression while the other 44 had high α2-3Sia expression based on the IRS scores. The associations between α2-3Sia expression and clinicopathological parameters are summarized in Table III . High α2-3Sia expression was positively correlated with lymph node metastasis (P<0.001), TNM stage (P<0.001) and depth of tumor invasion (P=0.003). The results also showed that no significant correlation was observed between the α2-3Sia expression and age, gender, tumor size, Lauren classification or differentiation.
The relationship between α2-3Sia expression and the survival time of GC patients was analyzed with Kaplan-Meier sur vival analysis. We found that the overall survival time of high α2-3Sia expression group was significantly shorter than that of low α2-3Sia expression group (P<0.05) (Fig. 7B) . Moreover, univariate analysis in GC tissues showed that lymph node metastasis (P=0.004), TNM stage (P=0.008), depth of tumor invasion (P=0.034), and α2-3Sia expression (P=0.002) were prognostic factors of overall survival (Table IV) . Multivariate analysis using the Cox's proportional hazards model identified that overexpression of α2-3Sia was an independent factor influencing OS (hazard ratio, 2.054; 95% CI, 1.302-3.239; P=0.001) of patients receiving curative resection for GC. 
Discussion
GC is a common malignancy worldwide, with a poor prognosis and low survival rates. Metastasis is a crucial factor in determining the prognosis of GC patients (4) . Therefore, it is urgent to identify metastatic factors and elucidate the underlying molecular mechanisms. Recent studies revealed that abnormal changes of glycans in both structures and amounts are closely associated with tumor-cell migration, adhesion and metastasis (16, 17) . In addition, altered glycosylation is a common feature of many types of cancers, including GC. Based on our data, we speculate that increased α2-3Sia expression could be very important as indicator and functional contributor of GC metastasis and poor prognosis. Lectin microarray has been proved as a useful high-throughput tool to analyze cell-surface glycans (18) . For specific recognition, lectins reversibly bind to glycans and do not modify the structure of glycans. This technique has been successfully applied for screening cell-specific and functionally significant glycan markers. With nearly 100 different arrayed lectins, such highly multiplexed characterization enabled the possibility for the detection of differences between cells and the identification of glycans responsible for these differences (19) . Using the lectin microarray, Zhou et al confirmed that glycans containing a single terminal galactose in triple-negative breast cancer cells were proportional to their metastatic capacity (20) . Nakajima et al reported that core 1 O-glycans exhibited strikingly intense signals in the cytoplasm and apical surfaces of colorectal cancer cells (21) . Fry et al showed that the application of this technology was able to discover of specific glycan signatures associated with metastatic breast cancer (22) . With a unique high-throughput lectin microarray, we identified clear differences in glycan composition between GC cells that differed in metastatic capacity. Three lectins, LEL, Jacalin and MAL-I displayed significant increases in binding in high-metastatic compared with low-metastatic GC cells. LEL specifically recognizes the polylactosamine-type N-glycans (23) . Jacalin strongly binds with T antigen (24) . This is consistent with previous study Table III . Relationship between α2-3Sia expression and clinicopathological features of GC patients. which suggested that highly metastatic cancer cells expressed more polylactosamine chains (25) and T antigen expression was related to the depth of invasion and lymph node metastasis in GC patients (26) . MAL-I is used widely in the detection and characterization of α2-3Sia in human cancer cells (15) . While the functional implications of these changes remains to be further investigated, the present study revealed the important role of α2-3Sia signal in regulating GC cell migration and invasion. Sialic acids, as terminal monosaccharide were added to glycoproteins or glycolipids, could link to Galβ1,3(4)GlcNAc/Glc via α2,3 or α2, 6 and mediated a variety of pathological process (27) . The altered sialic acid residues were reported to be closely associated with cellular adhesion, migration and metastasis in Table IV . Univariate and multivariate Cox regression analyses of overall survival in GC patients.
Univariate analysis
Multivariate analysis tumor cells (28) (29) (30) . Up to now, an increasing number of studies suggested that an increased sialic acid content in cancer cells is caused by upregulating of sialyltransferase and depended on the mRNA levels of sialyltransferase gene. ST3Gal-I is responsible for α2,3-sialylation of Galα1, 3GalNAc on O-linked glycans.
Transfer of α2-3Sia to Galα1, (3)4GlcNAc on N-linked glycans is catalyzed by ST3Gal-III or ST3Gal-IV (31). Increased expression, relative to normal tissue, of ST3Gal-IV is observed in many carcinomas, especially GC (32) . In agreement with these studies, we found a significantly increased expression of ST3Gal-IV in highly metastatic GC cells. Moreover, we have shown that there is a significant correlation between ST3Gal-IV expression and α2-3Sia expression in GC cells. Further functional study will be conducted to explore the correlation between α2-3Sia and ST3Gal-III in other GC cells. More types of GC cells will be used and the role of ST3Gal-III will be investigated in our future study. The molecular mechanisms underlying the effect of α2-3Sia on the invasion and metastasis of human GC were largely unknown. In this study, we first examined whether ST3Gal-IV could affect cells migration and invasion ability by wound-healing assay and Transwell assays. The results showed that suppression of ST3Gal-IV in MGC-803 cells led to significant decreases in cell migration and invasion, while its upregulation in SGC-7901 cells resulted in the converse. In addition, the levels of α2-3Sia residues were subsequently changed by the alteration of ST3Gal-IV. These observations clearly indicate that the changes in ST3Gal-IV expression levels may have impact in the remodeling of cell surface sialylation, which may consequently affect the biological functions of tumor cells such as invasion and metastasis.
ST3Gal-IV was reported to be important in invasion and metastasis of tumor cells. For example, Soyasaponin-1 inhibited ST3Gal-IV activity and decreased α2-3Sia in MCF-7 breast cancer cells (33) . ST3Gal-IV was also overexpressed in human hepatic carcinoma cell lines, compared with normal hepatic cell line (34) . ST3Gal-IV was involved in key steps of pancreatic tumor progression processes and was highly expressed in most pancreatic adenocarcinoma tissues (35) . Moreover, overexpression of ST3Gal-IV could induce activation of cell signaling pathways and alteration in GC cell line phenotype (36) . TNF-induced upregulation of the ST3Gal-IV transcript was mediated by MSK1/2 through the ERK and p38 MAPK pathways (37) . These data may offer important clues for future studies into the mechanism of α2-3Sia related to the progression and metastasis of GC.
The results of the present study also showed that α2-3Sia expression was positively correlated with lymph node metastasis, TNM stage and depth of tumor invasion. Similar results were also observed by Wang et al (12) . Interestingly, KaplanMeier analysis revealed that α2-3Sia expression predicted poor overall survival. Multivariate analysis using the Cox's proportional hazards model suggested α2-3Sia expression was an independent prognostic indicator of patients' overall survival. To our knowledge, our results for the first time provide the above new evidence of α2-3Sia in the prognosis of GC patients.
In conclusion, we found several lectins that exhibited altered bindings to GC cells with different metastatic abilities using a high-density lectin microarray. In particular, the levels of α2-3Sia, which can be regulated by ST3Gal-IV, showed a positive correlation with the metastatic capacity of GC cells. Overexpression of α2-3Sia could be an independent factor predicting poor survival and an attractive therapeutic target for GC, but further studies are required.
